Introduction
============

Air pollution is the presence in the atmosphere of one or more contaminants in such quantity and for such duration as to be injurious, or tending to be injurious, to human health or welfare, animal or plant life.[@i2156-9614-8-19-180903-b1] The World Health Organization (WHO) estimates that 10% of global mortality, amounting to 7 million people, resulted from air pollution in 2012.[@i2156-9614-8-19-180903-b2] In the 2016 report, 2.9 million annual deaths were reported, of which more than 85% occurred in low- and middle-income countries.[@i2156-9614-8-19-180903-b3] Rapid growth in motor vehicle traffic and rapid industrialization are contributing to high levels of urban air pollution. The major sources of air pollutants in the environment include emissions from vehicles, electricity generators and industries, road and building construction activities, as well as mining. Motor vehicle emissions constitute the main source of fine and ultrafine particles and have a serious impact on urban air quality and public health.[@i2156-9614-8-19-180903-b4] Globally, the hazardous impact of air pollution on human health and the environment has been on the rise, particularly in developing countries where most people still generate their own electricity by means of fossil fuel (diesel and petrol) powered electricity generator sets for both commercial and domestic use.

Among the major air pollutants of concern are carbon monoxide, carbon dioxide, oxides of nitrogen, oxides of sulfur, particulate matter, noise and volatile organic compounds such as benzene, polycyclic hydrocarbons and formaldehyde.[@i2156-9614-8-19-180903-b5],[@i2156-9614-8-19-180903-b6] Each of these pollutants can have severe consequences in both the short- and long-term, resulting in acute and chronic toxicity effects. Many of these substances have harmful effects on bone marrow, the spleen and lymph nodes.[@i2156-9614-8-19-180903-b7] The circulatory system is especially vulnerable to toxins in exhaust fumes and exposures have been linked to asphyxiation and anemia.[@i2156-9614-8-19-180903-b8] Exposure to air pollutants has been associated with increased risk of upper respiratory tract diseases such as asthma, inflammation, fibrosis and chronic obstructive pulmonary disease, exacerbation of heart disease due to hypertension and degeneration of the cells which line blood vessels, irreparable damage to the central nervous system, as well as cancers.[@i2156-9614-8-19-180903-b9]

Combustion of fossil fuel in engines such as those which burn gasoline and diesel is the major cause of air pollution globally, releasing carbon dioxide and carbon monoxide into the air. Carbon monoxide emanates primarily from vehicular and generator exhausts and deprives the bloodstream of oxygen necessary for many vital functions within the body by competitively binding with hemoglobin.[@i2156-9614-8-19-180903-b14] Carbon dioxide is also a major problem, leading to global warming as a result of its shielding greenhouse effect.[@i2156-9614-8-19-180903-b15] However, global warming is a catchall phrase that encompasses a great number of problems. Increased global temperatures have been associated with a gradual reduction in the arctic sea ice caps and disruption of crop growing seasons.[@i2156-9614-8-19-180903-b15],[@i2156-9614-8-19-180903-b16] Unfortunately, this is just the beginning of a snowball effect that filters down through virtually every life form on the planet. Animal habitats are being destroyed at record speed, which causes them to seek alternative sources of food and shelter, further increasing extinction pressure. As a result, it is projected that some species could very well become extinct within our lifetime.[@i2156-9614-8-19-180903-b17] In addition, due to a change in the length of growing seasons, many crops will be negatively affected, with the potential for escalating food prices. The melting polar caps will cause an increase in sea level which will most certainly submerge many islands and coastal areas, forcing both animals and humans farther inland.
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According to Mannucci and Massimo, low- and middle-income countries have experienced an intense process of urbanization and industrial development in a very short period of time compared to most developed countries that have long completed industrialization programs.[@i2156-9614-8-19-180903-b18] These low- and middle-income countries therefore have had the largest air pollution-related burdens in recent years. The WHO\'s latest records of urban air quality show that 98% of cities in low- and middle-income countries with more than 100,000 inhabitants do not meet its air quality guidelines, compared to 56% of cities in high-income countries. This means that globally, over 80% of people living in urban areas that monitor air pollution are exposed to air quality levels that exceed the WHO limits.[@i2156-9614-8-19-180903-b19] Nigeria has some of the most polluted cities in the world based on available records, and three of the ten most polluted cities in the world are in Nigeria: Onitsha (PM~10~=594 μg/m^3^), Kaduna (PM~10~=423 μg/m^3^) and Aba (PM~10~ = 373 μg/m^3^).[@i2156-9614-8-19-180903-b20] Lagos is Nigeria\'s commercial hub and is estimated to have a population of over 20 million.[@i2156-9614-8-19-180903-b21] High population density and attendant road traffic coupled with electricity shortages causing high reliance on generators by households pose serious air quality challenges for urban residents.

The aim of the present study was to monitor air pollutants around household/transportation sector locations in Lagos mainland and to illustrate the distribution pattern using ArcGIS software. This will provide valuable data as a buildup to a future city-wide evaluation.

Methods
=======

The study was conducted around transport sector locations (TSLs) and residential areas of the Mainland Local Government Area, an administrative unit of Lagos State, Nigeria (*[Figure 1](#i2156-9614-8-19-180903-f01){ref-type="fig"}*). It is a highly urbanized area characterized by colonial estates, modern streets and coastal slums. Most major roads are busy and traffic density is high, but the inner street and many residential quarters experience less traffic. However, the use of generators by households to produce domestic electricity, together with cooking, are major sources of air pollution around residential areas.

![Study area showing sampling locations---transport sector locations and households (red)](i2156-9614-8-19-180903-f01){#i2156-9614-8-19-180903-f01}

Study design
------------

The sampling was done at residential areas and TSLs in the study area and the average values for respective parameter readings were recorded at each sampling point using calibrated sampling devices. The assessed parameters included noise, carbon monoxide (CO), particulate matter (PM~10~ and PM~2.5~), sulphur dioxides (SO~2~), hydrogen sulphide (H~2~S), ammonia (NH~3~), nitrogen oxide (NO~2~), volatile organic carbon (VOCs), temperature and humidity. All measurements were done in one-hour triplicates (i.e. repeated three times- morning, afternoon and night) per day, except for CO which was performed for two-hour triplicates per day (and converted to a 1-hour mean) based on limits set by the United States Environmental Protection Agency (USEPA) and the Nigerian Federal Ministry of the Environment (FMEnv). WHO values, usually based on 24-hour measurements have also been included in [Table 1](#i2156-9614-8-19-180903-t01){ref-type="table"} to provide a broader view of comparison.

###### 

Air Quality Means in Households and Transport Sector Locations in Lagos Mainland

  Parameters                         Locations                    Mean ± SD         USEPA[@i2156-9614-8-19-180903-b26]   WHO[@i2156-9614-8-19-180903-b27]   FMEnv Limit[@i2156-9614-8-19-180903-b28]
  ---------------------------------- ---------------------------- ----------------- ------------------------------------ ---------------------------------- ------------------------------------------
  Carbon monoxide (ppm)              Transport Sector Locations   3.3 ± 1.7^a^      35                                   25                                 10
  Residential                        3.1 ± 1.5^a^                                                                                                           
  Sulphur dioxide (ppm)              Transport Sector Locations   0.14 ± 0.09^a^    75 ppb                               20 (24hour mean)                   \-
  Residential                        0.06 ± 0.07^b^                                                                                                         
  Noise (dB(A))                      Transport Sector Locations   67.7 ± 6.0^a^     \-                                   70                                 85-90
  Residential                        58.2 ± 6.8^b^                                  50-55                                                                   
  Particulate Matter 10 (μg/m^3^)    Transport Sector Locations   144.1 ±76.6^a^    150                                  50 (24hour mean)                   250
  Residential                        73.4 ± 27.5^b^                                                                                                         
  Particulate Matter 2.5 (μg/m^3^)   Transport Sector Locations   69.6 ± 35.1^a^    35                                   25 (24hour mean)                   250
  Residential                        34.9 ± 12.1^b^                                                                                                         
  Volatile Organic Carbons (ppm)     Transport Sector Locations   0.023 ± 0.04^a^                                        \-                                 \-
  Residential                        0.0 ± 0.0^b^                                                                                                           
  Nitrogen oxide                     Transport Sector Locations   0.0 ± 0.0^a^      53ppb                                200                                
  Residential                        0.0 ± 0.0^a^                                                                                                           
  Temperature (°C)                   Transport Sector Locations   29.2 ± 2.0^a^                                          \-                                 \-
  Residential                        33.3 ± 2.2^a^                                                                                                          
  Humidity (%)                       Transport Sector Locations   68.9 ± 6.8^a^                                          \-                                 \-
  Residential                        67.4 ± 8.5^a^                                                                                                          

Sampling
--------

Sampling was performed between September and November 2017. A total of 52 samples were collected monthly over the course of the study (21 around households and 31 around TSLs).

Sampling was done *in situ* using various calibrated hand-held devices and each location was geo-referenced using a handheld GARMINTM 72H GPS device. The detector tube method was used to measure carbon monoxide levels (model: DSM8922).[@i2156-9614-8-19-180903-b22] The exposure duration was set at 2 hours at a time per place. The average values for each locations were computed.[@i2156-9614-8-19-180903-b23] Particulate matter levels (PM~10~ and PM~2.5~) were measured using a handheld air tester (CW -- HAT 200), designed to measure the particulate level in the air for 60 seconds at a flow rate of 500 ml. The sensitivity of the unit ranged from 0 -- 500 μg/m^3^. The handheld air tester, being a multi-air quality meter, was also used to measure humidity and temperature. Readings were obtained over a range of one hour, repeated three times, and the average was recorded.

Sulphur dioxide was measured using an ITX multi-gas monitor for one-hour exposure time.[@i2156-9614-8-19-180903-b24] The monitor has a range of 99.9 ppm and a resolution of 0.1 ppm. Readings were obtained over a range of one hour, repeated three times, and then the average was recorded.

The levels of H~2~S, NH~3~ and NO~2~ were monitored using a GC310 gas detector; a flexible portable gas detector for multi-gases (up to 4 gases). The sensitivity of the units ranged from 0 -- 100.0 ppm, 0--100 ppm and 0 -- 20.0 ppm. Readings were obtained over a range of one hour and then the average was recorded.

A MultiRAE IR (PG M54) meter was used to assess VOCs. It is a programmable multi-gas monitor designed to provide continuous exposure monitoring of carbon dioxide, toxic gases, oxygen and combustible gases (VOCs) for workers in potentially hazardous environments. Readings were obtained over a range of one hour, repeated three times, and then the average was recorded.

Noise levels at all sampling locations were measured using a noise meter (CEM Digital Noise Meter -- Model GT -- 805). The sensitivity ranges from 30 to 130 dB, with air frequencies between 31.5 Hz and 8 kHz. The sensor of the noise meter was directed towards the source of the noise and the average readings over a period of one hour were taken to be the noise-level at each point.[@i2156-9614-8-19-180903-b25]

Distribution map development
----------------------------

The obtained readings with their respective coordinates were computed into ArcGIS 10 software and distribution maps were obtained using pre-defined ranges for the respective air quality parameters. The maps were presented as colored gradients representing the distribution pattern of the respective ranges of the parameters.

Statistical analysis
--------------------

The obtained readings were processed using SPSS Version 20 Software (IBM) and values were presented as means. The respective readings were also subjected to statistical analysis and significant means at P\<0.05 were separated using independent samples T-Test.

Results
=======

The air sampling operation indicated varying air quality parameters for residential areas (*Supplemental Material 1*) and TSLs (transport sector locations include busy roads, trunk A roads (dual carriage) and busy bus stops) (*Supplemental Material 2*).

Residential air quality
-----------------------

The results from *in situ* assessment of air quality around residential areas in Lagos indicated that H~2~S, VOCs, NO~2~ and NH~3~ were low, and values were below the detection limit. However, other parameters such as CO, SO~2~, noise, PM, temperature and humidity were within measurable levels. With respect to CO levels, detected values ranged from 1.0 ppm at various locations to 6.0 ppm at the busy Ebutemeta Street, outside of the Makoko slum (*[Figure 2](#i2156-9614-8-19-180903-f02){ref-type="fig"}*). The SO~2~ levels were low and ranged from 0.0 ppm in almost half of the samples to 0.2 ppm at the Ebutemeta Street location (*[Figure 3](#i2156-9614-8-19-180903-f03){ref-type="fig"}*). Noise levels around the residential areas ranged from 47.7 dB(A) at the houses around Mbonu Ojike Close at the University Campus, to 70.1 dB(A) at the busy Ebutemeta Street (*[Figure 4](#i2156-9614-8-19-180903-f04){ref-type="fig"}*). The PM~10~ values in the air around the residential areas ranged from 43.3 μg/m^3^ at Majoro Street, off Onike to 159.7 μg/m^3^ in the residential area around Igbobisare Street, WAEC bus stop (*[Figure 5](#i2156-9614-8-19-180903-f05){ref-type="fig"}*). The PM~2.5~ values ranged from 20.3 μg/m^3^ around Abudu Street, Abuleoja, to 69.0 μg/m^3^ around Igbobisare Street, WAEC bus stop (*[Figure 6](#i2156-9614-8-19-180903-f06){ref-type="fig"}*). Air temperatures around the residential areas ranged from 27.2 to 36.7°C (*[Figure 7](#i2156-9614-8-19-180903-f07){ref-type="fig"}*), and humidity values ranged from 57.6 to 92.3% around the densely vegetated Mbonu Ojike Close (*[Figure 8](#i2156-9614-8-19-180903-f08){ref-type="fig"}*).

![Carbon monoxide (ppm) distribution around residential areas and transport sector locations](i2156-9614-8-19-180903-f02){#i2156-9614-8-19-180903-f02}
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Transport sector location air quality
-------------------------------------

The results of the air quality parameters around the TSLs showed a wide range of values which depend on the typical vehicular density at each location. The CO levels ranged from 1.0 to 7.7 ppm at the University Junction (*[Figure 2](#i2156-9614-8-19-180903-f02){ref-type="fig"}*), and 0.0 to 0.4 ppm for SO~2~ (Distance Learning Institute (DLI) Junction, University of Lagos (UNILAG)) (*[Figure 3](#i2156-9614-8-19-180903-f03){ref-type="fig"}*). The VOC levels in the TSLs were very low and ranged from 0.0 to 0.1 ppm. NO~2~, NH~3~, H~2~S, were not detected at all transport locations, and noise levels ranged from 53.1 dB(A) (Zoological Garden - control) to 76.3 dB(A) (Barracks Bus Stop) (*[Figure 4](#i2156-9614-8-19-180903-f04){ref-type="fig"}*). With respect to particulate matter, detected PM~10~ levels ranged from 60.7 μg/m^3^ at the Zoological Garden (control location) to 404.0 μg/m^3^ (at Adekunle) (*[Figure 5](#i2156-9614-8-19-180903-f05){ref-type="fig"}*). PM~2.5~ levels were lowest at the Zoological Garden (control location) and ranged from 32.3 to 184.0 μg/m^3^ (*[Figure 6](#i2156-9614-8-19-180903-f06){ref-type="fig"}*). The temperature around TSLs ranged from 26.3 to 32.6°C (*[Figure 7](#i2156-9614-8-19-180903-f07){ref-type="fig"}*). The lowest temperatures were recorded at the Zoological Garden (control location). Humidity ranged from 60 to 78% (*[Figure 8](#i2156-9614-8-19-180903-f08){ref-type="fig"}*), with the high humidity of the control location (Zoological Garden) likely due to the dense vegetation around the area.

Comparison of air quality around residential and transport sector locations
---------------------------------------------------------------------------

The results comparing the overall air quality parameters around residential areas and TSLs are presented in [Table 1](#i2156-9614-8-19-180903-t01){ref-type="table"}. The results of the T-test comparison of means are also shown. CO levels at residential areas and TSL readings indicated no significant differences (P \>0.05). Overall mean SO~2~ levels were significantly higher (P \<0.005) for the TSLs than residential areas, with values of 0.14 ± 0.09 ppm and 0.06 ± 0.07 ppm, respectively. The mean noise levels for the TSLs and residential areas were 67.7 ± 6.0 dB(A) and 58.2 ± 6.8 dB(A), respectively, indicating a significant difference (P \< 0.05). The mean PM~10~ levels for the TSLs and residential areas were 144.1 ± 76.6 μg/m^3^ and 73.4 ± 27.5 μg/m^3^, respectively, with significantly higher values for the former (P \<0.001). The overall mean PM~2.5~ levels for the TSLs were also significantly higher (P \<0.001) than the levels around residential areas, with values of 69.6 ± 35.1 μg/m^3^ and 34.9 ± 12.1 μg/m^3^, respectively. The overall mean VOC level for the TSLs was 0.023 ± 0.04 ppm and was below the detection limit for households, indicating a significant difference (P \< 0.05). Temperatures around residential areas were significantly lower (29.2 ± 2.0°C) than those measured around TSLs (33.3 ± 2.2°C). There was no significant difference in the overall mean values of humidity for the residential areas and TSLs.

Discussion
==========

The present study examined the levels and spatial distribution of key air quality parameters within residential areas and TSLs (primarily bus stops) in Lagos, Nigeria. The assessed parameters, including carbon monoxide (CO), sulphur dioxide (SO~2~), noise, particulate matter (PM~10~ and PM~2.5~), hydrogen sulphide (H~2~S), ammonia (NH~3~), nitrogen oxide (NO~2~), volatile organic carbon (VOCs), temperature and humidity have been used as indicators of air quality in previous studies.[@i2156-9614-8-19-180903-b15],[@i2156-9614-8-19-180903-b29]

Among the key parameters assessed was CO, which despite its colorless and odorless properties is highly toxic, with the ability to combine with hemoglobin to produce carboxyhemoglobin. When inhaled, this compound takes up the space in hemoglobin that normally carries oxygen, but is ineffective for delivering oxygen to bodily tissues.[@i2156-9614-8-19-180903-b30] Concentrations as low as 667 ppm may cause up to 50% of the body\'s hemoglobin to convert to carboxyhemoglobin.[@i2156-9614-8-19-180903-b31] The fact that these levels were not observed in the sampling locations in this study is reassuring. However, a more important consideration is the effect of chronic exposures to low doses of this pollutant in cases of occupational exposure or high doses in accidental exposures in homes and workplaces. A level of 50% carboxyhemoglobin may result in seizure, coma, and death. These effects can take place over short durations, as carbon monoxide absorption is cumulative, with a half-life of about 5 hours in fresh air.[@i2156-9614-8-19-180903-b32]

The levels of CO in the study area were below the Nigerian FMEnv regulatory limit of 10 ppm.[@i2156-9614-8-19-180903-b28] The fact that CO levels did not differ significantly between residential areas and TSLs can be linked to the persistent use of generating sets for electricity in residential areas. This, together with emissions from cooking, contributes to CO emission levels which did not differ significantly from levels at TSLs.

Suspended particulate matter can remain in the air for long periods of time and is a key component of air pollution and smog. Particulate matter affects the environment as it contributes to greenhouse gases.[@i2156-9614-8-19-180903-b26] It affects human health as PM and can easily reach the deepest parts of the lungs, leading to respiratory ailments.[@i2156-9614-8-19-180903-b26] The levels of PM~10~ in the study area were significantly higher in TSLs and ranged between 60.7 and 404.0 μg/m^3^ at the TSLs and between 43.3 and 159.61 μg/m^3^ in residential areas. This demonstrates that the particulate levels present in the atmosphere were higher than the USEPA regulatory limits of 150 μg/m^3^ and in some cases exceeded the Nigerian FMEnv limit of 250 μg/m^3^, especially around some TSLs like the Jebba and Adekunle bus-stops.[@i2156-9614-8-19-180903-b26],[@i2156-9614-8-19-180903-b28] In addition, the levels of PM~2.5~ in the study area for TSLs ranged between 32.3 to 184.0 μg/m^3^ and 20.3 to 69.0 μg/m^3^ in residential areas. This shows that the particulates present in the atmosphere exceeded the USEPA limit of 35 μg/m^3^ in some residential locations, but well below the FMEnv limit of 250 μg/m^3^.[@i2156-9614-8-19-180903-b26],[@i2156-9614-8-19-180903-b28] High values of PM~2.5~ in TSLs may be attributed to vehicular exhaust due to the relatively high traffic along major roads and bus stops. The high values obtained in some residential areas can be attributed to exhaust fumes from diesel and petrol generator sets which are commonly used in household locations to make up for shortages due to frequent power outages from the national grid. The size of particulate matter plays an important role in environmental health risk. PM is categorized by aerodynamic diameter. Particles below 10 μm in diameter are classified as thoracic particles (PM~10~), particles below 2.5 μm in diameter as fine particles (PM~2.5~), and particles with a diameter \< 0.1 μm as ultrafine particles.[@i2156-9614-8-19-180903-b33] Particulate matter is hazardous to human health due to the adsorption of many harmful contaminants on its surface including heavy metals (lead, cadmium, mercury and the other) and organic compounds (polycyclic aromatic hydrocarbons, polychlorinated biphenyls, dioxin and furans). Ambient fine particulate pollution has been associated with increased risk of cardiovascular diseases.[@i2156-9614-8-19-180903-b34]

The levels of SO~2~ recorded in the study area for TSLs ranged between 0.0 to 0.4 ppm and between 0.0 and 0.17 ppm around residential locations. Locations around the busy TSLs such as the Yaba bus-stop, Kano and Abeokuta Street had levels that were above the USEPA regulatory limit of 0.1 ppm.[@i2156-9614-8-19-180903-b26] A study in China found that air pollutants such as SO~2~ may contribute to an increased risk for lung cancer mortality.35 Inhalation of SO~2~ is associated with increased respiratory symptoms and disease, difficulty in breathing, and premature death.[@i2156-9614-8-19-180903-b36] In addition, the concentration of SO~2~ in the atmosphere can influence habitat suitability for plant communities, as well as animal life. Their emissions are also a precursor to acid rain and atmospheric particulates.[@i2156-9614-8-19-180903-b37]

The levels of VOCs recorded in the study area for TSLs ranged between 0.0 to 0.1 ppm and were below the detection limit around residential locations. The atmospheric oxidation of VOCs can produce secondary pollutants such as ground level ozone or peroxy acetyl nitrate.[@i2156-9614-8-19-180903-b38] VOCs are typically released into the atmosphere from anthropogenic actives and biogenic sources. Anthropogenic sources are dominated by the combustion of fossil fuels, and this may have led to the detection of these gases in some TSLs. Biogenic sources include releases from plant foliage, and the microbial decomposition of organic substances, fresh and marine waters, soils, sediments and geological resources of hydrocarbons are additional natural sources of these compounds.[@i2156-9614-8-19-180903-b39]

Conclusions
===========

Air quality, especially with respect to PM concentrations in the study area around TSLs was poor, as this pollutant was above the limits set by the USEPA and FMEnv at a number of sampling locations. Although values of some other parameters were relatively high, they did not exceed set limits. Most assessed parameters were also found to be significantly higher than those measured around residential areas, except for CO. The high levels of air quality parameters detected in some of the sampling locations in the present study are a greater consideration than the extent to which they exceeded set limits, as chronic exposure to minute concentrations plays a greater role in toxicology than acute exposures. The effects of poor air quality on public health and urban wildlife is a cause for concern in view of the increasing incidence of cancer diagnosis in Nigeria and the existing pressure on wildlife. In keeping with the current trend globally, developing countries such as Nigeria must embrace cleaner technology and continually reduce the levels of fossil fuels used in automobiles and internal combustion systems by adopting more efficient technologies. This should be enforced by legislature with feasible timelines which take into account public health and economic factors.
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